This study applies a process to treat ammonium-rich wastewater using alum-generated sludge form water purification plant, and gain economic benefit by producing ammonium alum (Al(NH 4 )(-SO 4 ) 2 $12H 2 O). The factors affecting production of ammonium alum include molar ratio of ammonium to aluminum concentration, sulfuric acid concentration, mixing speed, mixing time, standing time, and temperature. According to the equation for the ammonium removal reaction, the theoretical quantity of ammonium alum was calculated based on initial and final concentrations of ammonium. Then, the weight of ammonium alum crystal was divided by the theoretical weight to derive the recovery ratio. The optimum sludge and sulfuric acid dosage to treat about 17 g L À1 ammonium wastewater are 300 g L
Introduction
Ammonium pollution from industrial wastewater adversely affects the water quality of water bodies and causes several environmental problems such as surface-water eutrophication, reduced disinfection efficiency, increased dissolved oxygen consumption and has toxic effects on fish. Hence, Taiwan Environmental Protect Agency (TEPA) regulates industrial wastewater and defines ammonium as a pollutant. In 2012, TEPA set a new effluent standard for the high-tech and chemical industries (10 mg L
À1
, in tap water quality protection area). These standards are predicted to remove approximately 16,000 kg of ammonium from water bodies daily. To remove ammonium ions from industrial wastewater, three methods are commonly used. The first is physical chemistry method, including air stripping, membrane filtration, absorption, and ion exchange techniques [1] . The second method comprises chemical methods, including break-point chlorination, chemical precipitation, catalysis enhanced wet oxidation, and sulfuric acid adsorption [2e5] . The last group of biological methods includes trickling filtration, biofilm reaction techniques, and aerobic nitrification [6, 7] . Traditionally, the main methods for treating ammonium-rich wastewater are air stripping, chemical precipitation, and membrane filtration [8] . However, the safety of air stripping is always debatable, such that this method is carefully used in industry. Conversely, chemical precipitation requires adding a tremendous amount of a chemical, which makes it cost prohibitive in most cases [9] . Although membrane filtration is relatively safe, filtration capacity, operation, and facility maintenance are major problems.
In chemical precipitation, aluminum sulfate (Al 2 (SO 4 ) 3 ) can easily react with other ions, such as Na þ , K þ , and NH 4 þ , to form a crystal compound. In the previous researches, crystallization of ammonium aluminum sulfate dodecahydrate (NH 4 Al(SO 4 ) 2 $12H 2 O, ammonium alum) is an important step in production of high purity aluminum compounds [10e12] or recovery of aluminum and sulfate from waste solutions [13e15] . Thus, when a large amount of Al 2 (SO 4 ) 3 is added to ammonium-rich wastewater, the dissolved Al 2 (SO 4 ) 3 reacts with ammonium to form ammonium alum crystal. Therefore, ammonium alum precipitation process can reduce the amount of ammonium in wastewater. Although this method is operationally safe, the amount of alum added is considerable, such that operational cost is high. Some researchers have attempted to improve this method [16, 17] . They soaked aluminum minerals in sulfuric acid solution to convert the aluminum oxide in the mineral into soluble aluminum sulfate, which was then added to ammonium-rich wastewater to precipitate the ammonium alum. However, because this acid soaking method lacks a thermal heating process, aluminum is not easily dissolved during the reaction. Therefore, a large amount of acid is wasted.
In drinking water and wastewater treatment processes, a coagulant, such as aluminum sulfate or poly aluminum chloride may react with colloids/particles in raw water forming settled flocs. After settling the flocs, the resultant chemical sludge is dewatering to produce a sludge cake. This sludge cake contains a considerable amount of aluminum hydroxide (Al(OH) 3 . Thus, crystallized ammonium alum, recovered as an industrial raw material, potentially becomes an economically valuable product. In this study, sludge from water purification plant was used as the aluminum source to develop a method to generate ammonium alum, by removing high concentration ammonium in wastewater and recovering aluminum form waster sludge. Ammonium alum crystallization is a nucleation process, which produces primary or secondary nucleuses [28, 29] . Typically, when a saturated factor a (a ¼ c/c s , where c is the substance concentration in the solution, and c s is the saturation concentration of the substance) is in the range of 1.0e1.3, it is in the metastable region. During a reaction in this region, an existing nucleus may increase its diameter and a secondary nucleus is formed gradually. Therefore, the secondary nucleus with a relatively large critical radius may easily form a large crystal. Additionally, a dehydrated substance may grow near the crystal surface resulting in increasing crystal size. These crystal particles can be precipitated or recovered easily.
In this study, dewatered sludge from water purification plant was added to ammonium-rich wastewater. Sulfuric acid was then added to leach out the aluminum from the sludge. After mixing, crystallized ammonium alum formed. Then, a 16-mesh-size sieve (1.19 mm) was used to separate the crystallized ammonium alum from the sludge suspension. The coarse crystallized ammonium alum on the sieve was harvested for further refining. In crystallization process, the factors affecting a, crystal size, and number of ammonium alum particles, such as sludge amount, mixing time, mixing strength, and mixing temperature, are discussed and optimum operational conditions are identified for recovering the ammonium alum.
Materials and methods

Water purification sludge
The sludge samples were collected from the sludge drying bed of Ming-Der Water Treatment Plant (Miaoli, Taiwan), dried at 105 C, and then homogenized for laboratory use. The acidified ammonium-rich wastewater was collected from the effluent after recovering precious metals from waste catalysis and the average concentration of ammonium is about 17,000 mg L
À1
. The ammonium concentration was determined by an ammonium ionselective electrode (RZ-27502-03; Cole-Parmer, Canada). Each experiment was repeated twice and average values are reported. The relative bias of each replicate tests is less than or equal to 15%.
Sludge quantity effect on aluminum dissolution from sludge
Suspensions with 60, 120, 180, 240 and 300 g L À1 sludge were prepared by mixing dry sludge in 1000 mL pure water. Then, 100 mL concentrated sulfuric acid solutions were individually added into each set sludge suspension in each aluminum experiment. Suspensions were mixed for 5 min and then allowed to settle for 60 min. While standing, solution pH was measured at 10 min interval and the supernatant was collected at same time. The suspension was filtered after each interval and the filtrate was analyzed for its aluminum concentration by an atomic absorption analysis (Z-5000 Hitachi, Japan). The analytical result may help elucidate the effect of sulfuric acid on the aluminum dissolution rate.
Sludge quantity effect on crystallization of ammonium alum
Various weight of water purification sludge (60, 120, 180, 240, 300, 400, 500, 600, and 700 g) were added separately in different sets of 1000 mL wastewater containing approximately 17,000 mg L À1 ammonium ions. The suspensions were mixed at the velocity gradient value of 100 s À1 for 10 min. They were then allowed to stand for the ammonium alum crystallization procedure. A series of water samples were taken from the supernatant of the suspensions for analyses of their aluminum, ammonium and heavy metal concentrations. In Table 1 , it shows not only the aluminum salt, but also the crustal elements (Fe, Mn) and the heavy metals dissolving in sulfuric acid. Therefore, the data of Table 1 indicate that the Mn concentration in the supernatant of the suspensions is 60 times higher than the maximum allowed concentration of coagulant used in the water treatment, so the acidification solution is not suitable to be reused as coagulant. After the standing period ended, the suspensions was filtrated with a 16-mesh sieve, and the coarse ammonium alum crystal was obtained. The crystal was dried at 30 C for 3 d. The structure of the crystal was observed using an X-ray diffraction (XRD, D/Max 2550PC, Rigaku, Japan). The results in Fig. 1 indicate there is ammonium alum in the crystal product. The concentrations of aluminum and heavy metals in the crystal were measured through dissolving 100 g ammonium alum crystal in 1000 mL water (solubility for ammonium alum was 150 g L
À1
). Based on the molecular weight of ammonium alum, the theoretical weight of alum in 100 g L À1 ammonium alum solution is calculated to be 5970 mg L
. In Table 1 , concentration of aluminum (5810 mg L
) is very close to the theoretical value. This experimental result confirms that the ammonium alum is the major component of the crystal product. In addition, only little crustal elements (Fe, Mn) may be attached to the crystal surface so that "impurities" exist in the crystal solution (Table 1) . Thus, the crystallization method described in this study can reduce the impurity in the acidified sludge solution (Table 1) and can be used to recycle and reuse the aluminum salt in water treatment or other applications.
The dried ammonium alum was weighed. The dried crystal was dissolved in hot water and the solution was filtered through a 0.45 mm filter. After filtration, the filter was dried and weighed for calculation of amount of the impurity (i.e., sludge) in the dried crystal. The recovery ratio for ammonium alum can be expressed in the following equation:
where [NH 4 ] 0 is the initial ammonium concentration (M), [NH 4 ] 1 is the residual ammonium concentration (M), S 0 is dry weight of ammonium alum (g), S 1 is weight of the impurity in the crystallized ammonium alum (g), and V is solution volume.
Determination of ammonium alum recovery ratio for various mixing times
In total, 300 g sludge was added to 1000 mL wastewater with an ammonium concentration of roughly 17,000 mg L
À1
. Then, 100 mL concentrated sulfuric acid solutions (98%) were added individually to the sludge suspension. Seven sets of these suspensions were mixed rapidly for 0.5, 2.5, 5, 30, 60, 90, and 120 min with velocity gradients at 100 s
. After mixing for different durations, the sludge suspension was allowed to stand for 6 d to form any crystal. The relationship between the ammonium alum recovery ratio and mixing duration was discussed according to experimental results.
Determination of ammonium alum recovery ratio for various mixing speeds
To assess the effect of mixing speed on the ammonium alum recovery ratio, 300 g sludge was added to 1000 mL wastewater with an ammonium concentration of roughly 17,000 mg L
À1
. In total, 100 mL concentrated sulfuric acid solutions (98%) were added individually into the sludge suspension. Six sets of these suspensions were mixed at various speeds with velocity gradients of 50, 100, 200, 300, 400, and 500 s À1 for 10 min. After mixing, suspensions were allowed to stand for 5 d, such that the relationship between mixing speed and ammonium alum recovery ratio was identified.
Determination of ammonium alum crystallization at various temperatures
In total, 300 g sludge was added to 1000 mL wastewater with an ammonium concentration of about 17,000 mg L
À1
. To the sludge suspension, 100 mL concentrated sulfuric acid solutions (98%) were added individually. The temperature of these four sets of suspensions was adjusted to 10, 30, 50, and 70 C and mixed at 100 s À1 for 10 min. After mixing, while the suspension temperature was stable, the suspension was let stand for 1 d, such that the effect of temperature on the ammonium alum recovery ratio was assessed. To identify the optimal additional amount of the sludge at theoretical 1.88 mol sulfuric acid, various concentrations of sludge suspensions were prepared by adding dry sludge to pure water. After adding 100 mL sulfuric acid, the aluminum ion concentration was determined every 10 min. As shown in Fig. 2 , the dissolved aluminum concentration is proportional to the weight of added sludge. When the sludge concentration is 300 g L
Results and discussion
Sludge quantity effect on aluminum dissolution from sludge
À1
, the dissolved aluminum concentration is roughly 25,000 mg L
. Therefore, when the sludge concentration is 300 g L
, the requirement for ammonium alum crystallization is satisfied. Furthermore, the equilibrium condition can be achieved rapidly in the aluminum dissolving reaction at each sludge concentration (Fig. 2) . During a sludge acidification process, the aluminum dissolve rate is proportional to the quantity of sludge added. Therefore, as the amount of sludge added increases, the amount of sulfuric acid consumed increases and the amount of aluminum ions that are dissolved also increases. Hence, the acid consumption rate varies with the sludge quantity added. The aluminum concentrations (Fig. 2) at a reaction time of 60 min were used to compare sludge concentrations and the respective pH values (Fig. 3a) . Experimental results show that pH is proportional to the sludge concentration (Fig. 3a) . Because Al(OH) 3 in the sludge consumes H þ to dissolve aluminum ions, the acid consumption rate is proportional to the sludge concentration after adding the same amount of sulfuric acid. At the same time, because the sulfuric acid concentration was added more than 1 M, the pH value in Fig. 3a is decreased to negative when only a little amount of the sludge was added. Analytical results confirm that the theoretical sulfuric acid (100 mL sulfuric acid added to 1 L pure water) can dissolve enough aluminum to treat an ammonium-rich wastewater with concentration of 17,000 mg L À1 .
The effect of sludge quantity on ammonium alum crystallization
To determine the optimal amount of sludge for ammonium alum crystallization, various sludge suspensions were prepared by dissolving dry sludge in 1000 mL ammonium-rich wastewater and 100 mL concentrated sulfuric acid, which was then mixed at a speed of 100 s À1 for 10 min. After mixing, the suspensions were let stand for 1 d. Based on the measured ammonium concentration; the ammonium alum recovery ratio was obtained using Eq. (1). The derivational result in Fig. 3b indicates that the ammonium removal efficiency is proportional to the sludge concentration. When the sludge concentration is 120 g L
À1
, the ammonium alum recovery ratio exceeds 80%, meaning that the water purification sludge can be used to treat ammonium-rich wastewater. However, when the added sludge concentration exceeds 300 g L À1 , the ammonium removal efficiency does not increase significantly, meaning that when a certain amount of sludge is added, the amount of theoretical sulfuric acid is insufficient, such that the aluminum dissolve rate does not increase significantly. At this point, the ammonium removal efficiency is more than 70%, which is not easy to increase further. If the sludge concentration added is too high, the mixing and crystallization processes suffer. Therefore, the optimum concentration of sludge is set at 300 g L À1 for the following experiments.
Standing time effect on ammonium alum crystallization
To determine the effect of standing time or crystallization time on ammonium alum recovery ratio, the aluminum and ammonium concentrations were analyzed for different standing durations. Fig. 4 shows the experimental results. Since the aluminum concentration is proportional to the sludge concentration, the maximum ammonium removal efficiency occurred when a large amount of sludge was added to ammonium-rich wastewater. After standing for 6 d, residual ammonium is inversely proportional to the sludge concentration (Fig. 4a) . The residual aluminum ion concentration is proportional to the sludge concentration ( Table 2 ), meaning that when the molar ratio of ammonium to aluminum is too high, the number of aluminum ions is insufficient and (NH 4 ) 2 SO 4 cannot effectively remove ammonium to form ammonium alum. Conversely, when the aluminum concentration increases, the ammonium removal efficiency increases and ammonium alum production is enhanced. Generally, when the sludge concentration is 300 g L
À1
, an ammonium removal efficiency of 69% can be achieved. Based on this removal efficiency, the theoretical weight of ammonium alum is derived as 254 g. The dry weight of crystallized ammonium alum obtained from filtration is 290 g. After subtracting the impurity weight, the amount of ammonium alum recovered is 236 g. The recovery ratio can be calculated to be 93%, meaning that the ammonium alum can be recovered effectively through filtration with a 16-mesh sieve. When the sludge concentration is 60 g L
, the ammonium alum recovery ratio falls to 51% (Table 2 ). An Extremely low sludge concentration may cause insufficient dissolution of aluminum ions. The NH 4 þ and SO 2À 4 cannot effectively react with the Al 3þ ion to form a large crystal. The small ammonium alum crystals cannot remain on the 16-mesh sieve and more Al 3þ ion will present in the solution.
Hence, not only the recovery ratio of 60 g L À1 is significantly low but also the residual aluminum concentration of 60 g L À1 is similar to the concentration of 120 g L À1 (Fig. 4b) . On the other hand, ammonium and aluminum ion concentrations are eventually stabilized after standing for 1 d (Fig. 4a and b) . Similarly, almost all ammonium alum is produced within the first day (Table 3) . These experimental results demonstrate that formation of ammonium alum does not require considerable time and standing time can be controlled to one day.
Determination of ammonium alum recovery ratio for various mixing times
In a mixing process, the aluminum ion concentration range may change gradually from the unsaturated region to the metastable region, such that the secondary nucleus forms and then crystal grows continuously in diameter. However, a long mixing duration may break the secondary nucleus into many nucleuses, reducing mean ammonium alum crystal size. To assess the optimum conditions for ammonium alum recovery, a mixing time experiment was conducted with the mixing speed of 100 s
À1
. Table 4 shows experimental results, identifying the relationship between the ammonium alum recovery ratio and mixing time. In Table 4 , mixing time cannot significantly alter ammonium removal efficiencies. Hence, differences among the theoretical weights of ammonium alum calculated from the ammonium removal efficiency are very small, meaning that mixing duration should not affect the ammonium alum recovery ratio. However, the experimental result (Table 4) shows that a long mixing duration may decrease the recovery ratio. As the aluminum ion concentration may increase becoming saturated due to mixing, and when the solute concentration exceeds its equilibrium solubility, a new phase is generated and a small cluster forms, which is a small crystal nucleus and can be precipitated out in the solution. This process of forming a crystal nucleus is called the nucleation process. However, after nucleation, a long mixing duration may break the nucleus into many smaller secondary nucleuses [31] . Because the theoretical weight of ammonium alum is similar for all mixing durations (Table 4) , the total crystal weight should be similar for all mixing durations. However, when too many secondary nucleuses are produced in crystal growth process, the crystal size becomes relatively small and cannot be captured by a 16-mesh sieve to recover the crystallized ammonium alum. Hence, the ammonium alum recovery weight decreases as mixing duration increases. On the other hand, when mixing duration is too short (& 2.5 min), the aluminum ions are not immediately saturated and few secondary nucleuses are produced. Hence, the crystal recovery rate is low for a short mixing duration. The results of Table 4 indicate the optimum ammonium alum recovery ratio exists when the mixing process is 5e30 min.
To determine the effect of mixing duration on crystallization period, the residual NH 4 þ concentration was analyzed as shown in Fig. 5 . The ammonium concentration gradually decreases under all mixing durations. But when mixing duration increases, the residual ammonium concentration decreases faster, meaning that a long mixing process may form many secondary nucleuses, such that the initial surface areas of all nucleuses become excessively large. Hence, in situations that have the same super saturation condition (crystal weight), some nucleuses will be too small to be captured in a crystal recovery process. Therefore, in long mixing duration, experimental results indicate that the ammonium alum recovery ratio is inversely proportional to mixing duration (Table 4) . Additionally, when mixing duration is short (5 and 40 min), the ammonium concentrations slowly decrease when the suspension stands for less than 200 min (Fig. 5) . With the same standing duration, the ammonium concentrations for long mixing times (60 and 120 min) decrease rapidly. However, after standing for over 400 min, the ammonium concentrations are the same for both short and long mixing durations, meaning that mixing duration does not significantly affect the ammonium ion removal efficiency; however, it obviously affects the size of the ammonium alum crystal. Experimental results may be an important reference for preparing crystallized ammonium alum from ammonium-rich wastewater treated by adding water purification sludge.
Determination of ammonium alum recovery ratio for various mixing speeds
To study the effect of mixing speed on ammonium alum recovery ratio, mixing speeds are varied. When mixing speed exceeds 100 s
À1
, the ammonium alum recovery ratio decreases (Table 5) . This experimental result indicates that when the mixing speed is too fast, the aluminum ions dissolve rapidly and the a increases instantly. Thus, the critical radius of the crystal becomes relatively small and a large number of primary nucleuses are produced. When high speed mixing is continuous, the a is further increased and more primary nucleuses are produced. Therefore, parts of these nucleuses are too small to form a large crystal particle through particle collision and the accumulation process. These small radius particles cannot be captured by a 16-mesh sieve and therefore the ammonium alum recovery ratio decreases as mixing speed increases. This finding means that high speed mixing may negatively affect crystal radius formation. Furthermore, analytical results (Table 5) indicate that when mixing speed is too low (50 s À1 ), the highest theoretical weight and lowest residual concentration of NH 4 þ exist. However, the data (Table 5) show that the ammonium alum recovery ratio at mixing speeds of 50 s À1 is less than that at 100 s
, meaning that the secondary nucleus produced at a low speed may be unevenly distributed. This uneven distribution causes some crystal particles to become large and others small. Hence, the ammonium alum recovery ratio is reduced and the ammonium ion removal efficiency reaches its maximum. Therefore, the suitable mixing speed is 100 s
, which allows for effective crystal production.
Aluminum alum crystallization at various temperatures
Because ammonium alum crystallization is an exothermic reaction, saturate solubility may increase as temperature increases. According to Table 6 , the amount of crystallized ammonium alum decreases as temperature increases. When reaction temperature is 10 C, the crystal weight is 290 g. When temperature is increased to 70 C, crystal weight decreases to 60 g. According to the theory for critical crystal radius [29] , the radius is inversely proportional to reaction temperature, meaning that increasing temperature may produce more secondary nucleuses, such that the particle diameter of crystallized ammonium alum becomes small, which is not appropriate for recovering ammonium alum. Therefore, the recovery ratio decreases at high temperatures.
Conclusions
In this work, water purification sludge and sulfuric acid were added to acidified ammonium-rich wastewater to produce ammonium alum. Experimental results yield the following conclusions.
(1) The molar ratio of ammonium to aluminum ions significantly affects the ammonium alum recovery ratio. (2) The ammonium alum recovery ratio is also strongly affected by mixing duration and mixing speed. The optimum mixing duration and mixing speed are 5e30 min and 100 s À1 , respectively. (3) The lower temperature can be used to produce more crystallized ammonium alum. In this work, the ammonium alum crystallization method can recover aluminum from water purification sludge and effectively reduce the concentration of ammonium in ammonium-rich wastewater. . Table 6 The crystal amount of ammonium alum at different temperature. .
